Materials play an influential role in determining the way people interact with and experience objects. This impact is particularly important to TUI designers, as the artefacts they design often afford grasping and physical manipulation. As the ACM Conference on Tangible, Embedded and Embodied Interaction moves through its second decade, we sought to survey past proceedings to present a picture of the material choices for TUI design. In this paper we present an exhaustive survey of these proceedings and discuss insights revealed on TUI material trends. Our findings include highlighting the most popular materials choices, as well as the high percentage of materials that have only been used once throughout the years. Furthermore, we make recommendations on the future use of, and reporting on materials choice for TUI design and point toward future work that is needed to fully map the material landscape of TUIs.
INTRODUCTION
Materials play a significant part in shaping our interactions and experiences with objects. A significant body of work devoted to the investigation of interaction from a material-centered perspective exists within the HCI community (e.g. [1] , [9] , [19] ). Materiality goes to the very heart of human interaction -the sensorial, functional and cultural attributes of a material affect our perception of any object constructed from it. While work has been conducted around evaluating materials from a usercentered perspective (e.g. [49] , [50] ), no wide-scale research focusing on the set of materials that have been used to build Tangible User Interfaces (TUIs) has been conducted. Our study is not only motivated from a desire to fill this research gap, but we also strive to contribute to the Tangible, Embedded and Embodied Interactions (TEI) and
wider Human-Computer Interaction (HCI) community by: (1) archiving the materials used to construct TUIs, and (2) exploring the trends within this data over the past twelve years. As the ACM TEI conference celebrated its tenth anniversary in 2018, it is timely to reflect on these years by systematically exploring the material choices of work published in past conference proceedings. This study seeks to take advantage of this rich dataset and take a first step towards forming a picture of the material landscape of TUIs.
From the outset we should clarify our definition of 'material' for the purpose of this study. In this context, we specifically refer to physical materials that are interacted with by TUI users through touch. The rationale behind this is twofold. First, it shifts the focus away from the technical components of TUIs and allows us to focus solely on the user experience of interacting with the interface, as our intent was not to survey materials from a technical perspective, but rather to categorize them based on type. For this reason, the internal workings and digital components of interfaces are not included in our survey. Second, our arguably narrow definition of materials reflects one of the underlying concepts behind tangible interfaces, as described by Ishii [40] , in that TUIs are designed to '[take] advantage of human abilities to grasp and manipulate objects and materials' (pp. 15 ). Therefore, we made the decision to limit our survey to materials that are intended to be interacted with and physically manipulated by users in order to experience the TUI. We should also note that our focus was purely on physical, tangible materials -sensations such as vibration and intangible materials such as light were not included. Although other research has considered light as a physical material (e.g. [81] ), we chose to exclude it and other intangible materials from our database. Our intention in doing so was to provide uniformity and comparability in the collected data.
The contributions of this work are twofold. Firstly, we present a systematic survey of the material choices of TUI designs presented in TEI publications since the conference's inception in 2008. Secondly, we interrogate this database to reveal design trends in the choice of materials for TUI design. Furthermore, we highlight other related patterns that appear in the collected data, such as the proportion of research published at TEI over the years that incorporates original TUI designs. In the following section, we place our study within the context of existing work, and discuss the motivation for our research.
RELATED WORK
We discuss related work across three key domains. First, we outline previous explorations of the design space of assorted HCI areas, and describe how our research fits within this context. Second, we discuss the ways literature surveys have been used in past work to facilitate explorations of research spaces. Finally, we outline research that has focused on highlighting the significance of materiality within HCI. We describe how this line of study provided motivation for our current research focus.
Design Space Analyses in HCI
Design space analysis within the field of HCI is an established method of providing a cross-examination of the current state of a chosen field through a particular lens [69] , [83] . While our intention was not to conduct a full analysis of TUIs, we did aim to adopt the approach of a design space analysis to review certain aspects of TUI design. Specifically, we sought to investigate the use of one specific feature of TUI design -physical materialsin order to generate a dataset that both reflects upon past design choices and can act as a resource for designers going forward. In this way, our work can be situated closely to past design space analyses completed within the wider HCI field. For instance, Hincapié-Ramos and colleagues [34] performed a design-space analysis of availability-sharing systems. This allowed them to identify a number of distinct design dimensions, including information delivery and obtrusiveness. Shape-changing interfaces have been also been the focus of design space reviews by multiple research teams. Rasmussen and colleagues [69] conducted a review of existing shapechanging interfaces in order to address a lack of systematic analysis of the key research questions within this space. Sturdee and Alexander [83] conducted a similar study into the design space of shape-changing interfaces that resulted in the identification of eight categories of prototype, as well as the provision of recommendations for the field.
Design space reviews have also been conducted as a response to the identification of new types of interface. Döring and colleagues [20] present their review of the design space of ephemeral user interfaces. This review collates diverse interfaces under one distinct term, and defines a terminology for discussing different aspects of this newly identified field. In addition to these examples, and in slightly closer proximity to the themes of the work we present here, are design space reviews of specific aspects of TUIs. A study into the design space of TUIs has been conducted by Svanaes and Verplank [85] with the aim of identifying metaphor sources for TUI design. This research resulted in the authors identifying a series of novel, rich sources for TUI metaphors. Research such as the above is relevant to our own in that it seeks to view a research field from the top down to unveil insights that can be practically employed by researchers and practitioners.
Literature Surveys
Literature surveys have also been used in past research to reveal insights into areas of study that warrant reflection. An exhaustive survey of the papers in the Participatory Design Conference proceedings from the years 1990 to 2014 was conducted by Bossen and colleagues [8] in order to investigate evaluation methods within this field. This survey resulted in the formation of findings around the formalization of participatory design evaluation methods, and the detail with which these methodologies are described by researchers. A survey of the state-of-the-art was conducted by Ballagas and colleagues [2] who sought to understand the design space of 3D-printable interactive components. This survey allowed the authors to identify a series of gaps that offer potential for future research in this space. Kjeldskov and Paay [51] undertook a longitudinal review of the approaches and focus of HCI mobile research methods. Two comprehensive literature surveys -one in 2009 and another in 2003 -were completed by the researchers and contrasted against each other to reveal the changing trends within this field. Schneider and colleagues [80] conducted a literature review of the Human Factors in Computing Systems conference to extract all papers that use the terms 'empower' and 'empowerment'. This allowed them to construct a framework that represents current notions of empowerment within HCI research. Carbone and Kaasbøll [10] present their literature survey of ACM Communications and SIGCSE Bulletin short articles that examined methods used to evaluate computer science teaching. Similarly, a cross-conference literature review of HCI for development was conducted by Dell and Kumar [17] in order to provide a summary of the state and evolution of this research. Results included data on the country of origins of relevant papers, targeted user groups and the research focus of individual papers. These papers demonstrate the value of literature surveys for highlighting key trends and issues within research spaces. We sought to adopt this methodology in order to reveal similarly insightful trends within the TUI design space.
We see similarities with our approach to both design space analyses and literature surveys -thus, we consider the study presented here to be a hybrid of both approaches. While we strive to view the collected dataset from a design perspective (design space analysis), we were more inclined to highlight trends and make recommendations (literature review) over establishing any concrete design guidelines.
Materiality in HCI Research
While the survey we conducted focused on the material choices of designers, it was motivated by existing work within the TEI and wider HCI community on materiality. Over the years there has been significant work in these fields that has explored concepts surrounding materiality (cf. [1] , [38] , [49] ). In particular, the effects that different material characteristics have on people's experiences have been explored from various perspectives. The associations between materiality and meaning for young children has been explored by Seo and colleagues [39] , where they show how the connotations and novelty materials carry for children affects their interactions with an interface. A similar study by Davis [15] describes her work into computational fabric texture and its effect on user interpretation of emotion. Another connected study by Kierkals and Van den Hoven [37] investigated how one particular material characteristic (hardness) impacts on children's experience of TUIs. Furthermore, Petrelli and colleagues [63] conducted a study in which two types of materials were included as a parameter to contrast differing characteristics of tangible interfaces on user experience. A similar approach was taken by Brown and Kaye [9] in their study into how alternating the material of a haptic device can affect the user experience of it. A high-level exploration of the meaning of 'materiality' has been conducted by Fuchsberger and colleagues [23] . These works each demonstrate the significant ways materials can alter the way people interact with and experience an interface. Research such as this underlines the need for a firm understanding on the use of materials within interface design in order to reconcile intended and actualized interactions.
Innovative work has taken place around rethinking the way designers incorporate materials into their projects. The properties of novel materials, such as smart materials, and their potential use in existing products have been investigated as a new avenue for interaction design [56] . Some researchers have explored how physical materials can be incorporated into designs to enrich and 'enliven' the interaction experience [56] [32] . Schmid and colleagues [79] explore the idea of reversing the concept of 'form follows function' by allowing the characteristics of a material to inspire the implementation of the interactions a user has with it. Döring and colleagues [19] [21] follow a related path by exploring a material-centered design approach for tangible interaction. Workshops, such as that developed by Murer [57] seek to explore the material resources that can be exposed through taking apart existing objects. Other work, such as that by Tholander and colleagues [88] , explores how the characteristics of materials themselves can impact the choices made by designers during the creation of interactive systems.
These works provoke the concept of further expanding this research to explore how the physical and perceived characteristics of other materials can be used to inspire interaction styles. Our research aims to complement works such as these by providing a top-down view of the use of materials, which can empower designers to explore the materials space and the trends contained therein as a whole.
The importance of material choices from a design perspective has also been highlighted by previous research [47] [75] , as well as how they help to bridge the gap between a peoples experience of digital and physical artifacts and the meaning they draw from each [33] . For instance, Robles and colleagues [71] explore texture as one such property that can align physical and digital elements to create meaning for users. The physical and intangible aspects of the materials of HCI have been central to the work of researchers such as Rosner and colleagues in their workshop [73] . This relationship between the digital and non-digital, and the effect this may have on a designer's process, has been the subject of additional work, including that of Fuchsberger and colleagues [23] . Research has also focused on how adopting a materials-centered perspective can influence established practices (cf. [55] ), in which non-traditional materials for mobility applications were investigated.
Explorations such as these demonstrate the potential for materials to take on new roles within HCI, and thus the importance of continuing a dialogue among the community on the impact material choices can have on interface design. However, where past research has been user-focused, we identified the need for a design-oriented study to fill gaps in the knowledge in terms of the material choices designers make when creating TUIs. We recognized the need for such a study to be undertaken to help inform future design research by reflecting upon the recent past of TUI design.
STUDY METHODOLOGY
The data collection method used in this research was an exhaustive literature survey of the ACM TEI conference proceedings between the years 2008 and 2019. We targeted the TEI conference as it offers a specific sample of TUI design from within the wider Tangible Interaction community. By selecting and focusing on one sample set of TUIs, we were able to investigate a rich dataset documenting material use over time, while also establishing boundaries to our research. Although many other conferences publish novel TUI designs (e.g. CHI, UBICOMP, UIST, etc.), the large amount of TUI research and design that is published at TEI meant that we deemed it to be an appropriate selection for this study. Our data collection procedure involved systematically reviewing all publications in the conference proceedings (including: long and short papers, work-in-progress, student design challenges and graduate consortium papers) to extract the material used to create the interface of each presented TUI. In all we reviewed 1,160 papers of which 495 presented original TUI designs. As part of this we applied strict criteria when selecting which TUIs would be included in our database -these included:
• Only papers presenting novel interfaces were included, i.e. studies that deployed an existing design were excluded from the database.
• Each interface must be physically builtconcepts or unrealized interface designs were excluded.
• Prototypes, including early stage ones, were included, providing a physical interface had been built.
• Incomplete prototypes consisting of only electronic components were excluded, as we recognized the designers' intention to house these components in another material in the future.
By following these criteria, we created a database that included the title of the paper, the year of publication and the list of materials used in the construction of the TUI. It should be noted that in some cases the accuracy of identifying the material used varied for a number of reasons. While in many cases the papers described the specific materials used in the construction of the TUI, others gave little to no information on materials. In the latter case, photos of the TUI were used to identify the material. Where this was not possible, we contacted the lead author of the paper to ask for help in identifying the materials used. In cases where the authors did not respond, TUI materials were marked as 'Unknown'.
The data collected through our survey is collated within one central database (see additional material 1 ). This consists of a list of every material documented as being used to create a TUI, along with a count of the number of times each material appeared within the years included in the study (2008 to 2019). While in principle the database is relatively straightforward, there are several aspects of it that we feel need further clarification.
The first of these relate to the names used to describe each identified material. As previously mentioned, materials were sometimes described in great detail -for instance, Knouf [52] mentions his use of Hanji, while Go and colleagues [26] describe their TUI as being formed from transparent acrylic and tracing paper. However, in many cases the description of the materials used was more general, or not given at all. For example, Garcia-Perate and colleagues [24] present an image of their street furniture TUI, which is constructed from wood, but do not specify the type of wood used. While we will discuss later in this paper our thoughts on the significance this issue has for collecting data on TUI materials, for now, we describe our approach to overcoming these discrepancies.
In particular four materials -wood, plastic, fabric and metal -were problematic in this way. In each of these cases, a general category of for each type of material was created to accommodate the lack of specificity in the description of these materials. For instance, any unspecified woods were placed within the 'Wood' category. A similar process was followed for unspecified types of plastic, fabric and metal.
Another attribute of the database that should be clarified is the inclusion of objects as opposed to materials in certain cases. For example, Patel and colleagues [62] describe their use of artificial grass. We made the decision not to break these objects down into their composite materials, for example plastic as artificial grass, as we believe the objects themselves are behaving as materials within this context. We believe that reducing them further into their constituent materials may led to misinterpretation of the designer's choice of materials. We acknowledge that this decision may arguably cause some issues when comparing data within the collected datasetfor instance, artificial grass is made from plastic, and yet is not included as an example of plastic as a material in our database. However, we consider the resulting database as being representative of the material choices of designers, as opposed to an unqualified count of the use of individual materials.
THE MATERIAL CHOICE DATABASE
In this section, we present the data collected from this literature survey, and describe the key features of the database in more detail. Although the entire database is too large to present within this paper, we present a portion of the data derived from it (see table 1 ). We include the data relating to four of the most popular materials choices for TUIs as identified in our study (see Table 1 ). In total, 186 individual materials were identified as being used for TUI construction. These varied widely from relatively common materials, such as cardboard (24 examples found) and plywood (11) , to more rare or unusual examples, including: gem stones (1), blackboard (1) and mushrooms (1) . Interestingly, almost three quarters of the materials (133/186 materials (72%)) we note as being used just once over the course of 12 years. In contrast, only six material categories -'Plastic', 'Wood', 'Paper', 'Metal', 'Fabric' and 'Screens/ Displays' were identified as being used every year. Our data shows the frequency with which these materials were used each year in the conference (see figure 1 ). Our survey also collected data on the number of original TUIs (as defined by our criteria) that were presented within the TEI conference for each of the years included (see figure 8 ). 
FINDINGS
In this section we discuss the six key findings we established from examining the material choice database. These findings address issues such as: (1) the staple materials of TUIs, (2) single-use materials, (3) sustainability in TUI design, (4) the impact new technology has on material choice, (5) difficulties identifying materials and (6) expansion of the field of Tangible Interaction.
Staple Materials of TUIs
Our first finding relates to a category we term the staple materials of TUI design. Surveying the material choices of the TEI conference allowed us to identify materials that have been used every year in the last 12 years of the conference. We found that in every year certain materials emerged as being a consistent choice for designers of TUIs -these are: 'Plastic', 'Wood', 'Paper', 'Metal', 'Fabric' and 'Screens/ Displays'.
Plastic, metal and wood are all obvious choices for constructing the rigid casings or frames that are often required for building TUIs. Additionally, there is such a wide variety of each of these types of materials that it is unsurprising that they appear so frequently on our database. From reviewing the database, we conclude that fabric was placed so highly as there are a great many types of fabric used in TUI design. In total, our database includes 38 different types of fabric, including: plush, lace, felt and silk. Many of these fabrics are low-cost and highly accessible to designers, making them a good choice for softer elements within a TUI interface.
Another staple material we identified is paper. This is a ubiquitous, low cost material -therefore, its position as a staple of TUI design is in some ways also unsurprising. However, paper is not a rigid or robust material. The fact that it is so frequently used for creating TUIs, which are designed to be touched and manipulated by people, is noteworthy. Upon closer examination of the TUIs that are constructed from paper, we observed several different ways that this material is commonly used in this context. Papers Session 2: Creating and Changing Shapes TEI '20, February 9-12, 2020, Sydney, NSW, Australia
Firstly, paper is frequently used to present information in the form of card or booklets, as in [32] and [29] . These types of paper elements are often printed with QR codes or other interactive elements that incorporate the paper components into the complete TUI design. Secondly, we noted that paper is used as a material for users to draw onto, as in [42] . Finally, paper-crafting methods, including papermaking [30] and joomchi [52] featured often within the examples collected of paper being used for TUI design. The potential for paper to act as a material for TUI design becomes evident once categorized and viewed in this way.
The final material that appeared within these staples is 'Screens/ Displays' (e.g. [76] , [90] ). These include LCD screens [11] , LED matrices Error! Reference source not found. and e-Ink displays [92] . It is interesting that this type of material holds such a prominent position within TUI construction, due to its strong connection to Graphical User Interfaces (GUIs). However, it is clear that some traditional forms of interaction, including screen-based, remain a part of the TUI landscape. It is evident that screens and displays are still a highly popular way to allow people to complete tasks within a TUI (e.g. read information, input data, etc.).
Single-use Materials
In contrast to the previous finding, a surprising insight our survey revealed was the frequency with which materials are used only once for TUI design within the TEI conference. As previously mentioned, 72% of materials identified through our survey appeared just once (see figure 4 for examples). Some of these materials may have been used just once due to incredibly specific role within a design. For instance, synthetic human hair [18] was used in HairIO to explore the potential of this particular material as a site for novel interaction styles. Other unusual materials -hanchi [52] , tatami [37] and mushrooms [30] for example -follow this pattern of unique materials with specific uses within a design. These materials are integral to the concept of the TUI that they support.
Another factor that we suggest impacts the frequency of material use is cost. Many of the single-use materials we identified were expensive. These included silver Error! Reference source not found., cashmere [67] , gemstones [59] and bronze [44] . It is not difficult to imagine why these types of materials are not frequently used in TUI design -budget constraints on projects most likely prohibit this.
Other instances of single-use materials performed a particular technical function within a design. For instance, transparent adhesive film [33] and polysilicon [54] contribute to the technical functionality of the TUI that they are used to construct. Their use within a design is so specific to the functionality of the TUI that unless a designer wished to replicate the technical abilities of another TUI, there would be no logical reason to include these materials within the design. Therefore, their selection for a design is directly linked to their technical capabilities.
Sustainability in TUI Design
A major finding that emerged through our analysis of the database was the question of sustainability in material choice for TUI design. In order to aid us in our analysis of the database, which contained over 186 different types of material, we identified 21 distinct categories that the 186 individual materials could be divided into (see figure 5 and additional material). These included Plastic, Wood, Screens/ Displays, Liquid, Elastomers and Glass. We also included a Miscellaneous category to collect materials that appeared just once, and did not fit into any of the other categories. As can be seen from figure 5, plastic, wood and fabric make up more than half of the total of the materials used for TUIs. By dividing up the material categories in this way, it demonstrated to us the lack of the implementation of the principles of sustainability in TUI design. When viewing figure 5 , the dominance of plastic in particular becomes evident. Over a quarter of all TUIs presented used plastic in their construction.
Papers Session 2: Creating and Changing Shapes TEI '20, February 9-12, 2020, Sydney, NSW, Australia This figure does not include the plastics that were used in other materials in different categories, such as Objects and Screens/ Displays. Given the current societal focus on the reducing the consumption of plastics, the prevalence of this material in the TEI conference must be addressed. This holds true for other materials used in TUI design too. Are woods and fabrics being used sustainably sourced? Are plastics or other non-biodegradable materials being used in the production of early-stage prototypes? Beyond this, how are the materials being disposed of once the TUI is deconstructed? Most importantly, how are we as a community addressing these issues? Our stance is that the data presented in this paper demonstrates a clear need to prioritize questions such as the above within the TEI community.
Impact of New Technologies
Another significant trend we identified through our survey was the impact of new material manufacture techniques on TUI design. Through reviewing the data collected through this study, we can see the inclusion of novel materials into the TUI design space. In particular, 3D-printed plastics [76] and conductive fabrics [48] can be seen increasing in usage through the years. While it is obvious new technologies can have an effect on the design of TUIs, our survey shows that the impact is also felt in the materials of the interface.
To take the specific example of 3D-printed plastics, the increased availability of 3D-printers over the years since 2008 has directly led to designers opting to use these types of plastics in their TUIs as opposed to other options, such as acrylic. In figure 6 , we can see the significant increase in the use of 3D-printed plastics over the years in TEI. It is worth noting that a marked growth in 3D-printed plastics coincides with a drop-off in generic 'Plastics' (see figure 7 ), which may indicate the substitution of one type of plastic for another. Figure 7 : Total number of papers in TEI conference each year, with number of those that presented TUIs
In the above graph ( figure 7) , the gradual decrease in the use of generic plastics can be seen. By comparing these data with those related to the evident increase in use of 3D-printed plastics, particularly from the year 2015 onwards, the impact that 3D-printing technology has had on the materials of TEI is clearly visible.
Difficulties with Identifying Materials
We encountered issues with identifying materials on numerous occasions when building and sorting our database of material choices. We suggest that these issues in themselves offer insights into the landscape of TUI design within the TEI conference. When conducting our survey of TEI papers, on many occasions authors did not describe the specific materials used. On these occasions Papers Session 2: Creating and Changing Shapes TEI '20, February 9-12, 2020, Sydney, NSW, Australia we had to rely on images included in the paper to identify materials. However, this strategy was not always successful -in 28 cases, authors had to be emailed with an enquiry as to their material usage. Overall, it was our experience that material description is not always discussed when describing the implementation of TUIs. We did however note that when unusual materials were used the material description tended to be more detailed than with more common materials. Whether or not this lack of description maps back to a lack of consideration as to material choice is unclear. It may just be the case that when a common material, such as wood or plastic is used to build an interface, it isn't a key characteristic of the design in the same way that very specific materials, such as human hair [78] or vellum Error! Reference source not found. (see figure 4 ) might be, and therefore does not warrant a detailed explanation. Whatever the underlying cause, there is certainly a connection between commonality of material and lack of detail provided around this material within TUI papers in our survey.
Expansion of the Field of Tangible Interaction
Finally, our database reflects the growth of the TEI conference, and the expansion of the field of Tangible Interaction generally. Two aspects of our data map to this specifically. The first is the overall increase in the number of papers published at TEI over the past twelve years (see figure 8 ). During this time period, the number of papers published at the conference has more than doubled. Within this there is another interesting statistic -the number of these papers that present an original TUI design. Our database shows that this number has remained fairly consistent over time, with on average 41 papers presenting novel TUIs being accepted each year. However, overall the percentage of papers presenting TUIs has decreased within the conference, from 57% in 2008 to 37% in 2019. This decrease reflects the expanding nature of the field of Tangible Interaction -as the research area widens, so do the variety of topics relevant to it. Papers presenting TUIs are perhaps decreasing as they are making room for a myriad of other more theoretical topics related to Tangible Embedded and Embodied Interaction.
In this section we presented the findings we established from our exploration of the collected data. In the following we present a general discussion on these findings before addressing some limitations of our study and pointing toward future work in this area. 
DISCUSSION
The key findings revealed through our study pertain to the trends that run through material choices for TUIs. Discoveries regarding trends of usage of different materials, material popularity and the variation in description levels of material selection within different papers were among our main findings. We now turn to a discussion on the implications of these findings for TUI design, and the role of materiality within this practice.
Our survey uncovered the stark difference in the ways materials are being used for TUI design. We uncovered two distinct approaches to material selection for TUI design. The first is a tendency for designers to rely on a small group of materials, such as wood, metal, paper and plastic, as staple materials to build TUIs. The second involves materials being used as once-off solutions to address specific design requirements, be they technical or concept driven. Although we cannot definitively say why almost three quarters of materials are not reused again within TEI, we can infer certain contributing factors here, including the uniqueness in applicability of certain materials such as, for instance, synthetic hair as a design material, or the prohibitive cost of a material such as cashmere. Regardless of the reasons why there is a lack of material overlap, it may be seen as a testament to the huge variety of interfaces and the creativity of TUI designers that so little repetition is found in the choices being made regarding materials. Alternatively, one could argue that not enough knowledge is being contributed about the properties and characteristics of these single-use materials to encourage future use, or possibly researchers are not reflecting on the full plethora of materials available when making decisions on the material aspects of their TUIs.
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Another aspect of the database we would like to draw attention to is the use of objects as materials. Although the percentage of TUIs surveyed containing an object is relatively low (4%), we feel it is a phenomenon worth addressing due to its implications for materiality in TUI design. As mentioned earlier in this paper, we included objects in the database as we felt the TUI designers were using these objects as materials in each particular context. While there is nothing inherently wrong with this approach, it does raise the issue of what material choices TUI designers in these cases are making. For instance, plastic objects, such as Frisbees or children's toys, were more than likely not selected by the designer due to their plastic composition. Rather, designers more than likely chose each object due to its particular affordances, associations or functionality. This poses the question; did each designer consider the impact of creating a TUI made from the composite materials of each object? This question becomes more intriguing when we consider complex objects, such as musical instruments, which are often made up of multiple materials. If we are interested in examining how materials can be used to affect and enhance TUI design, it may be necessary for designers to look beyond the form and functionality of the objects they select to incorporate into their designs, in order to reexamine the impact that the materials used to construct these objects may have on their designs. This in turn may lead to exciting new ways to subvert user expectations about familiar objects through redesigning these objects in unlikely materials, e.g. a child's toy made from glass, a violin made from cardboard.
One finding we would like to highlight in particular is the continued use of screens and displays within the field of TUI design. It would seem that designers working in this space are still largely reliant on screens as elements for facilitating user interactions. While we are not critical of this choice, we do question its continued popularity in this space given that Tangible Interaction was developed as a practice to explore computing beyond GUIs [40] . Perhaps a conversation about the usage of screens for TUI design, and the use of these moving forward in this space, could be of benefit to the community.
Our findings have shown that when more unusual or unique materials are used, the description of these is far more detailed than with commonplace materials. While this may seem unsurprising, as there may be a tendency to believe that commonplace materials do not warrant as much description as more unusual material choices, there is also a strong argument for rich descriptions of all materials, whether they are rare or not, as the impact materials have on people's experience of TUIs should be at the forefront of research attention, not only when making design decisions but also when reporting on these in subsequent publications.
RECOMMENDATIONS
Based on our findings we propose a number of recommendations related to the use and reporting of material choice for TUI design.
Describing Material Choice
Our findings revealed how the description of the materials used tended to be less detailed when using the identified staple materials of TUI design, such as wood and plastic. Conversely, when unusual materials were used the description tended to be more thorough. Whether materials are common or not we recommend that a detailed description be provided -not only on the specific material in use, but a clear rationale on why this material was selected over others. This would benefit the designers themselves, as it would ensure that they reflect on every material choice they make, as well as the community in general, as more discussion is generated around material selection. While we do not doubt that a great deal of thought and consideration is given to material selection by designers during TUI creation, we suggest that by sharing this rationale with the community via publication, a stronger understanding of why certain materials are being used, and what for, can be developed.
Review Rarely Used Materials
A clear picture emerged from our survey that showed almost three quarters of materials were only used once in the last twelve years of the ACM TEI proceedings. We have described our belief that this may be due to prohibitive cost, or to the need to fulfill highly specific technical or aesthetic requirements. However, there is an opportunity for TEI community to reexamine the use of these materials, and to explore whether any or all of them hold the potential for reuse in future TUI designs. We found that when these materials were presented in the collected papers, the authors provided a detailed overview of material properties and a justification for its use. We call on the TEI community to review the full material choices of these past publications to explore the potential for reuse of these materials in the future design of TUIs. We hope that this paper, alongside our full database (see Papers Session 2: Creating and Changing Shapes TEI '20, February 9-12, 2020, Sydney, NSW, Australia additional material), will go some way to help with this endeavor.
Addressing Sustainability Through Material Choices
Sustainability has been in the zeitgeist of HCI design for some time. However, this is not reflected in the data collected in this survey. The dominance of plastic as a choice for TUI design is a worrying trend that was unearthed through our research. In line with the pressing current and future environmental situation, it is our belief that each and every TUI designer needs to incorporate an awareness and intent towards sustainable design into their work. For instance, the disposal method of nonbiodegradable materials used in a TUI should be considered before material selection is made. We strongly encourage every member of the TEI community to reflect on how they are incorporating sustainability principles into their material choices for TUI design at all stages, from early prototypes to finished artefacts.
Material Impact
One final recommendation we would make is that TUI designers incorporate a reflection on the impact of their material selection on the overall design of their TUI. This is particularly relevant to papers that present TUI user studies. Due to the particular characteristics of TUIs, one could easily argue that the choice of materials should be of equal importance for designers as the mode of interaction or the technical implementation. But in many cases this is not evident. While much work continues to highlight issues related to materiality, we strongly recommend that all TUI designers present their consideration of their use of materials within the associated publication for novel TUI designs, and to fully discuss how the material choice has impacted the overall design.
LIMITATIONS
There are a number of limitations to our research that we wish to acknowledge. The first limitation we would like to mention relates to the aforementioned issues we encountered with identifying materials. In every case where a material could not be verified, the author was contacted with an enquiry as to their use of material. However, the response rate was low, as we only received 6 replies from 28 enquiries. Consequently, the materials of 22 TUIs included in this study could not be identified. These papers are categorized within the database as 'Unknown' materials. A second limitation we should draw attention to is the criteria we applied to select TUIs to be included within this study. By choosing to include only novel TUI designs that have been physically realized, several interesting concepts or early-stage design explorations were excluded from the study. The rationale for doing so was to ensure comparability between data. However, we acknowledge that this restriction means that the full spectrum of designers' approach to materiality is not reflected in our data set. Despite this, we believe that our database can significantly contribute to the HCI community's knowledge of material usage for TUI design.
FUTURE WORK
Our survey of the materials of TUIs is the first in a series of studies into the Tangible Interaction landscape. We plan to extend our research to explore other elements of this design space by surveying other aspects, such as technology, modalities and form. In addition, we aim to initiate a deeper exploration of the data collected through this survey, specifically around usage patterns of TUI materials. An area we are strongly interested in exploring further is the different interaction styles associated with TUIs, and how each of these relate to material choices. We also plan to contribute to a greater understanding of how TUI designers incorporate sustainability into their design choices by using this database as a starting point to encourage the TEI community to engage in conversations around environmentally sensitive material selection. Another aspect we are interested in is exploring the user experience of the different materials, and how this can impact people's feelings towards an interface. We are currently planning a study that compares and contrasts people's experiences of two comparable interfaces constructed from highly different materials. Our aim in conducting this study is to expose deeper insights into the effects that the use of these materials as the foundations of TUI construction have on the user experience of TUIs.
CONCLUSION
This paper presented an exhaustive study of the material choices of TUIs presented at the ACM TEI conference over the last 12 years. We described our motivation for completing this study, and outlined the methodology that was employed in its completion. Our findings reveal the material trends present throughout the TEI conference. Specifically, we discussed the growth of the TEI conference proceedings, but contrasted this with the decrease in the overall percentage of papers presenting novel TUI designs. We discussed how this indicates the overall expansion of the conference, as new topics and approaches are introduced under the wider umbrella of Tangible Interaction.
We also highlighted the use of some staple materials as well as single-use materials. Our data reveals what we term the staple materials of TUIs (i.e. materials used every year for TUI design) are comprised of six materialsnamely plastic, wood, fabric, metal, paper and screens/ displays. We also showed how almost three-quarters of TUI materials are single-use materials -that is, they were reported as being used in the TEI proceedings only once in the years surveyed. Furthermore, we discussed issues related to sustainability in TUI design, specifically around the use of plastic. Our data demonstrated how almost one third of TUIs published in the TEI proceedings are constructed from plastic -a figure that does not demonstrate a strong focus on sustainability in material use in the conference. We stressed the importance of prioritizing the conversation within TEI around environmentalism in the context of selecting materials for building TUIs, and disposing of interfaces after they have fulfilled their use.
We outlined issues we encountered identifying specific material types, especially within the staple material categories. Finally, we mentioned work we aim to complete in the near future. This includes a more in-depth analysis of the collected data to reveal more usage patterns for materials, and the conduction of a study into people's experiences of the materials of TUI design. In conclusion, we hope this study is the first of many that aim at reflecting on what has been published at ACM TEI since its inception. By reflecting upon, and forming a better understanding of the history of this conference, the TEI community can be empowered to celebrate the work of those before us, and initiate conversations about our collective future.
